Symptomatic androgen deficiency is common in patients taking opioid analgesics, as these drugs potently suppress the hypothalamic-pituitary-gonadal axis. However, the efficacy of testosterone replacement in this setting remains unclear. The objective of this trial was to evaluate the efficacy of testosterone replacement on pain perception and other androgen-dependent outcomes in men with opioid-induced androgen deficiency. We conducted a randomized, double-blind, parallel placebo-controlled trial at an outpatient academic research center. Participants were men aged 18 to 64 years on opioid analgesics for chronic noncancer pain, and total testosterone levels were ,350 ng/dL. Participants were randomly assigned to 14 weeks of daily transdermal gel that contained 5 g of testosterone or placebo. Primary outcomes were changes in self-reported clinical pain and objectively assessed pain sensitivity. Sexual function, quality of life, and body composition were also assessed. The mean age was 49 years. The median total and free testosterone levels at baseline were 243 ng/dL and 47 pg/mL and 251 ng/dL and 43 pg/mL in the testosterone and placebo arm, respectively. Of the 84 randomized participants, 65 had follow-up data on efficacy outcomes. Compared with men assigned to the placebo arm, those assigned to testosterone replacement experienced greater improvements in pressure and mechanical hyperalgesia, sexual desire, and role limitation due to emotional problems. Testosterone administration was also associated with an improvement in body composition. There were no between-group differences in changes in self-reported pain. In conclusion, in men with opioid-induced androgen deficiency, testosterone administration improved pain sensitivity, sexual desire, body composition, and aspects of quality of life.
Introduction
The prescription use of opioid analgesics for the management of chronic pain grew substantially during the past 2 decades with the number of prescriptions increasing from 75.5 to 209.5 million. 36 Among the many risks associated with the use of opioid analgesics, androgen deficiency due to suppression of gonadotropin-releasing hormone secretion has remained greatly underappreciated as a common side effect, with some patients experiencing severe androgen deficiency with testosterone levels in the castrate range. 37 Opioid-induced androgen deficiency is often associated with distressing symptoms, such as sexual dysfunction, hot flushes, low mood, osteoporosis, and reduced quality of life. 14, 25 Testosterone replacement in men with androgen deficiency is associated with an improvement in sexual function, body composition, and quality of life. 6 A substantial body of preclinical data also supports the notion that the opioid and gonadal systems interact to regulate sensitivity to nociceptive stimuli. In castrated male rodents, testosterone administration has been shown to improve pain tolerance to mechanical and thermal stimuli. 3 These animal experiments, when taken together with findings from population studies showing that men have decreased pain perception and greater pain tolerance than women, suggest that testosterone has antinociceptive properties. 10, 32 It is therefore conceivable that androgen deficiency resulting from opioid use could in fact reduce their analgesic efficacy, resulting in an increase in dose requirements. Accordingly, we hypothesized that testosterone therapy of men with opioid-induced androgen deficiency would improve self-reported and experimentally induced pain. Furthermore, the correction of androgen deficiency in these men would be expected to improve sexual function and body composition, as it does in hypogonadal men not taking opioid analgesics. These improvements, along with improvements in pain sensitivity and perception, should in turn contribute to improved health-related quality of life. Surprisingly, no randomized trials have been conducted to examine the effects of testosterone replacement in men with opioid-induced androgen deficiency.
In this randomized, double-blind, placebo-controlled parallelgroup trial, we determined the effects of testosterone replacement on clinical and experimental pain, sexual function, body composition, and health-related quality of life in men with opioidinduced androgen deficiency.
Methods

Design overview
The Testosterone and Pain (TAP) trial was a randomized, doubleblind, placebo-controlled, single-center parallel-group trial involving community-dwelling men with opioid-induced androgen deficiency. The trial was funded by AbbVie Pharmaceuticals (Chicago, IL), which also provided testosterone and placebo gels for the trial. The trial was designed by the authors, and the study protocol was approved by the institutional review board of the Boston University Medical Center. The authors of the study were responsible for the design, data collection, and database maintenance of the trial and vouch for the accuracy and completeness of the data.
Setting and participants
The study participants were men, 18 to 64 years of age, who were using opioid analgesics for chronic noncancer pain and had a morning serum total testosterone concentration of ,350 ng/dL measured by liquid chromatography-tandem mass spectrometry (LC-MS/MS). Participants were also required to have been taking at least 20 mg of hydrocodone (or morphine equivalent dose of another opioid) daily for at least 4 weeks. Exclusion criteria included a previous history of hypogonadism, use of androgen therapy, any malignancy, prostate-specific antigen (PSA) level .4 ng/mL, severe lower urinary tract symptoms, myocardial infarction within 3 months before enrollment, unstable angina, uncontrolled congestive heart failure, peripheral vascular disease, uncontrolled hypertension, and oxygen-requiring chronic obstructive pulmonary disease. All participants provided written informed consent.
Randomization and interventions
Eligible participants were randomly assigned to receive either 5 g of a transdermal testosterone gel (AndroGel 1%; Abbvie Pharmaceuticals) or placebo gel, applied once daily for 3 months. The target range for serum total testosterone level was between 500 and 1000 ng/dL. Two weeks after randomization, the dose was adjusted by an unblinded study physician if the serum total testosterone level was ,500 ng/dL, in which case the dose was increased to 7.5 g daily. For any subject in the testosterone group requiring a dose increase, a placebo subject was chosen at random by the unblinded physician and was assigned a (simulated) dose increase, thus maintaining blinding.
Outcomes and assessments
Efficacy outcomes were assessed at baseline and at week 14.
Pain outcomes
The primary outcome was the change in self-reported pain, determined by the Brief Pain Inventory (BPI) questionnaire, and experimentally assessed pain sensitivity, determined by quantitative sensory testing (QST). The BPI is a validated measure of pain severity and pain interference for patients with chronic pain. 34 The QST was performed in the pain laboratory to assess sensitivity to calibrated mechanical and thermal (cold) noxious stimuli while the subjects sat comfortably in a reclining chair. 4, 19, 21 Pressure pain thresholds were assessed using a digital pressure algometer (Somedic, Hörby, Sweden) at the trapezius muscle and the metacarpophalangeal joint of the thumb. At each site, mechanical force was applied using a 0.5-cm 2 probe; pressure was increased at a steady rate of 30 kPa/s until the subject indicated that pressure was "first perceived as painful." Reaction to prolonged pressure pain was ascertained through cuff pressure algometry. Tonic, deep-tissue mechanical stimulation was applied over the gastrocnemius muscle using a pneumatic tourniquet cuff, which was inflated to and maintained at a particular pressure. 21 A computer-controlled air compressor maintained the pressure at a level that was individually tailored for each subject to produce a pain intensity rating of 40/100. Participants then underwent an assessment of mechanical pain by temporal summation, an analog of central sensitization, using weighted pinprick stimulators. 19 The lowest-force stimulator that produced a sensation of discomfort was used to apply a train of 10 stimuli to the skin on the dorsum of the hand at the rate of 1 per second. Participants rated the painfulness of the first and 10th stimuli. Cold-induced pain was evaluated using a repeated cold-pressor task involving immersion of the right hand in a circulating cold water bath maintained at 4˚C. The first 2 tasks involved serial immersions of the right hand for 30 seconds, with 2 minutes between immersions. The final task involved immersion of the hand until a participant reached pain tolerance (or 3 minutes maximum). Participants rated the intensity of the cold pain on a 0 to 100 scale. Cold pain intensity ratings (0-100) were also obtained at 30-second intervals after cold-pressor tests to assess painful aftersensations. 18 
Sexual function, quality of life, and body composition
Sexual function was assessed using the International Index of Erectile Function, 31 and the Medical Outcomes Study Short Form-36 was used to assess health-related quality of life. 38 Body composition was measured using dual-energy X-ray absorptiometry scan (QDR 4500A; Hologic, Waltham, MA), calibrated before each scan using a soft tissue phantom. 8 
Hormone assays
Total testosterone was measured in a CDC-certified laboratory using an LC-MS/MS method with a sensitivity of 2 ng/dL. 8 Sex hormone binding globulin and luteinizing hormone were measured using immunofluorometric assays (PerkinElmer, Waltham, MA), with limits of quantification of 2.5 nmol/L and 0.05 U/L, respectively. 8 Free testosterone was calculated using a law of mass action equation. 35 Because proinflammatory cytokines have been implicated in the pathophysiology of pain, we measured interleukin-6 (IL-6) and tumor necrosis factor a (TNF-a) using high-sensitivity enzyme-linked immunospecific assay (Millipore, Billerica, MA) with sensitivities of 0.039 pg/mL and 0.1 pg/mL, respectively. 5 
Safety monitoring
Safety monitoring included measurements of hemoglobin, hematocrit, and PSA, a prostate examination and assessment of adverse events. An independent Data and Safety Monitor Board reviewed all serious adverse events as they occurred and cumulative adverse events every 6 months. 
Statistical analysis
The trial was designed to detect a between-group treatment difference in change in pain perception and pain sensitivity with 80% power, which required the enrollment of 35 evaluable subjects per group. In anticipation of approximately 15% cumulative attrition, the planned enrollment was 84 subjects. Of the 84 subjects randomized, 65 had follow-up data on efficacy outcomes, a total close to that assumed in original computations. Descriptive statistics were computed for each outcome and randomization arm, and graphical depictions of change were obtained. For analytes that typically exhibit some level of right skew (eg, total testosterone, luteinizing hormone), central tendency was summarized using medians and quartiles. The prespecified primary estimate of treatment effects computed the mean change in outcomes for each treatment arm along with 95% confidence intervals. Quantification of statistical significance of mean differences between arms was generated using Student's t test for unpaired samples. Nonparametric assessments of distributional differences on opioid dose were obtained using Wilcoxon's rank sum test. Control for covariate interference used multiple linear regression. Measures of association between change in circulating hormone concentrations and outcomes were obtained using Spearman's rank correlation statistic supported by scatter plot smoothing through a generalized additive model and smoothing splines. Safety analyses computed the number of subjects with 1 or more adverse events overall and by physiologic system; consistency with the null hypothesis (no difference between arms) was evaluated using Fisher's exact test. Hypothesis tests allowed type I error of 0.05 (a). Confidence intervals were estimated at the 95% level. As hypotheses were prespecified, no adjustment of significance threshold was made for multiple comparisons. 
Results
Study participants and baseline characteristics
Enrollment took place between 2008 and November 2012. Of 84 enrolled men, 43 were randomized to the testosterone group and 41 to the placebo group (Fig. 1) . Among these men, 36 in the testosterone arm and 29 in the placebo group completed the 14-week intervention, yielding an "analytic sample" of 65 participants. The mean age of the participants was 49 years, and the majority were obese ( Table 1) . The median (first quartile, third quartile) total and free testosterone levels in the testosterone and placebo arms were 243 (183, 286) ng/dL and 47 (27, 63) pg/mL and 251 (195, 313) ng/dL and 43 (38, 60) pg/mL, respectively. The most common indication for prescription of opioid analgesics was musculoskeletal pain (.95%). The mean 6 SD morphine equivalent opioid dose at baseline was 114 6 176 mg in the testosterone arm and 76 6 139 mg in the placebo arm. The average time on opioids at the time of enrollment was 54 6 48 months in the testosterone arm and 40 6 54 months in the placebo arm. The baseline characteristics of the overall sample of 84 randomized participants were also similar between the 2 groups.
Testosterone dose and adherence
Twenty-four men in the testosterone group required an increase in the testosterone dose to 7.5 mg/d. Adherence, as assessed by counts of used and unused gel packets, exceeded 90% in both groups. Table 1 Baseline characteristics of the study participants. 
Testosterone (N
5 36) Placebo (N 5 29) Age, y 48 6 9 5 0 6 6 Body mass index, kg/m 2 32.0 6 7.0 33.4 6 8.0 Opioid dose (morphine equivalent), mg 114 6 176 76 6 139 Time on opioids, mo 54 6 48 40 6 54 Total testosterone, ng
Hormone levels
The changes in hormone levels are depicted in Figure 2 . After adjustment of the testosterone dose, the mean (6SD) on-treatment total testosterone levels were 790 6 544 ng/dL in the testosterone group and 328 6 185 ng/dL in the placebo group. Similarly, ontreatment mean free testosterone levels were 189 6 152 pg/mL in the testosterone group and 65 6 36 pg/mL in the placebo group. The median (Q1, Q3) on-treatment total testosterone levels were 633 (404, 957) ng/dL and 303 (201, 458) ng/dL, whereas free testosterone levels were 123 (84, 246) pg/mL and 55 (39, 88) pg/mL in the testosterone and placebo groups, respectively.
Effects on experimentally induced and self-reported pain
Comparisons of testosterone and placebo response as quantified by QST are presented in Figure 3 . Men randomized to testosterone arm exhibited a significantly greater improvement in pressure pain threshold at the thumb (P 5 0.03; treatment difference, 90 points; 95% confidence interval, 9-171) than those randomized to the placebo arm, with a statistically nonsignificant though similar improvement at the trapezius (75 points; 28 to 158) (Fig. 3) . Similarly, testosterone administration was associated with significantly lower punctate mechanical pain ratings (25.9 points; 212.4 to 0.6) and lower temporal summation scores for mechanical pain (P 5 0.05; 210 points; 219.9 to 20.04). Nonsignificant trends toward improvements in cold pain after-sensations were also seen in the testosterone group. Men randomized to testosterone reported a decrease in pain interference score on the BPI, but this trend was not statistically significant (Fig. 3) . The changes in the dose of opioids between the 2 groups did not differ appreciably (mean dose increase of 4.8 mg and 2.4 mg in the testosterone and placebo groups, respectively; P 5 0.79 by Wilcoxon's rank sum test). Changes in the mean levels of inflammatory cytokines, IL-6 or TNF-a, did not differ between the 2 groups (Fig. 4) .
Effects on sexual function and quality of life
Men randomized to testosterone experienced a significantly greater increase in sexual desire as compared with men in the placebo arm (P 5 0.05; 1.11 units [0.002-2.17]) (Fig. 5) that was positively related to on-treatment serum testosterone concentration (Spearman's correlation, 0.39; P 5 0.002). The changes in orgasmic domain and erectile function domain did not differ between groups. Compared with men in the placebo arm, the men in the testosterone group also experienced greater improvements in some domains of quality of life such as role limitations secondary to emotional problems (20.1 points; 2.2-42.4) (Fig. 5 ).
Effects on body composition
Men in the testosterone group experienced a significantly greater reduction of 0.8 kg in fat mass compared with those in the Figure 2 . Postintervention changes in serum concentrations of total and free testosterone, luteinizing hormone, and sex hormone binding globulin levels in the 2 study arms.
placebo (P 5 0.01) (Fig. 5) . The change in fat mass in men assigned to testosterone arm was negatively associated with on-treatment serum testosterone concentration (Spearman's correlation, 20.45; P , 0.01). Similarly, the increase in lean body mass of 1.0 kg observed in the testosterone group was greater than the corresponding mean change (0.2 kg) observed in the placebo group (Fig. 5) .
Adverse events
The frequency of adverse events did not differ between the 2 study arms ( Table 2 ). There were 3 serious adverse events, 1 in the testosterone group (pancreatitis) and 2 in the placebo arm (elective total knee replacement and elective wrist arthrodesis).
These events were not considered to be related to the study intervention. Elevation in PSA .4 ng/mL was seen in 2 subjects, 1 in each group, while erythrocytosis did not occur in either group.
Discussion
Opioid analgesics are widely prescribed for chronic pain. Testosterone deficiency is a common consequence of opioid analgesics in men who often present with sexual dysfunction, depressive symptoms, low bone mass, and decreased quality of life. Although small uncontrolled studies of testosterone replacement have been conducted in this patient population, 2, 13 no randomized controlled trials had been performed. In this first double-blind, randomized placebo-controlled trial of testosterone replacement in men with opioid-induced androgen deficiency, testosterone administration was associated with reduced sensitivity to multiple modalities of experimentally induced noxious stimuli, including pressure algometry and repetitive noxious punctate stimuli. The men randomized to testosterone did not show significant difference from placebo toward improvement in self-reported clinical pain. Studies have reported that improvements in QST-assessed pain responses precede improvements in self-reported clinical pain. 20, 23, 39 For example, patients with carpal tunnel syndrome treated with manual therapy showed an immediate improvement in pain thresholds on QST, followed weeks later by a decrease in self-reported clinical pain. 9 These findings suggest that QST responses serve as an early and Table 2 Incidence of on-treatment adverse events by physiologic system. † Fifty-six AEs were reported by 39 subjects. ‡ Three serious AEs were reported in 3 subjects. The subject in the testosterone arm suffered from pancreatitis. Elective right total knee replacement and arthrodesis in the left wrist were reported in the subjects in the placebo arm. AE, adverse event. sensitive "biomarker" of clinical response. Because changes in self-reported pain often lag behind changes in QST-assessed pain, it is possible that had the treatment duration been longer, significant differences in self-reported pain might have emerged.
In this trial, we show that restoration of serum testosterone levels improved pain sensitivity. These data are consistent with preclinical studies that show that gonadectomy in male rats predisposes to hyperalgesia to noxious stimuli, which is improved by testosterone replacement. 3 Population studies find that use of analgesics is generally higher among women compared with men and that women complain of increased prevalence of pain on any given day compared with men. 28 These data suggest that testosterone has antinociceptive properties. Hence, androgen deficiency resulting from opioid use could, in fact, reduce their pain-relieving efficacy. Many men on opioid analgesics also develop "opioid-induced hyperalgesia," a condition in which pain sensitivity is increased despite the use of opioid analgesics. 11 The pathophysiology behind this phenomenon remains unclear, however. It is conceivable that suppression of testosterone by opioids may also be a contributing factor in the pathogenesis of this condition.
Proinflammatory cytokines have been implicated in the pathophysiology of pain as they promote amplification of pain transmission, and administration of proinflammatory cytokines such as IL-6 and TNF-a induces muscle, joint, and visceral pain. 16, 17, 27, 33 As testosterone replacement has been shown to reduce circulating levels of these cytokines, 26 we evaluated whether changes in these markers could represent 1 potential mechanism of testosterone's antinociceptive action. Interestingly, testosterone administration was not associated with reduction in serum concentration of these cytokines, suggesting that testosterone improved pain by another mechanism.
Men with opioid-induced androgen deficiency experience deterioration in libido and erectile function. 12, 37 In this trial, men in the testosterone group showed significant improvement in sexual desire compared with those in placebo. Opioid-induced androgen deficiency is also associated with reduced quality of life. 2 Previous uncontrolled reports have shown improvement in some aspects of health-related quality of life in men receiving testosterone. 2, 13 In this trial, men treated with testosterone demonstrated a nonsignificant trend toward improvement in role limitations due to emotional problems.
Testosterone deficiency is associated with a decrease in lean mass and an increase in fat mass, a phenotype associated with reduced muscle strength and function. 6, 24 Although effects of testosterone therapy on body composition are well established in other patient populations, it had not been studied in men with opioid-induced androgen deficiency. In this trial, men in testosterone group experienced a significant reduction in fat mass and an improvement in lean body mass compared with those in placebo. The improvement in body composition has importance because men on opioids are susceptible to developing metabolic abnormalities and cardiovascular disease. 15, 22, 29 Loss of lean mass, particularly in older men on opioids, could also predispose to falls. 25, 36 This trial has many attributes of good trial design such as the inclusion of a placebo control, blinding, concealed randomization, and parallel-group design. Randomization effectively generated 2 intervention groups that were similar in baseline characteristics. Screening and on-treatment testosterone levels were measured using LC-MS/MS, which is widely considered the reference method. At baseline, mean total and free testosterone levels were well below the lower limits of normal established in community-based samples and validated against outcomes in epidemiologic studies 7 and consistent with previous observational data in men with opioid-induced androgen deficiency. 1, 30 Testosterone dose was adjusted and was effective in increasing testosterone levels into the target range. Finally, validated tools were used to evaluate both self-reported and experimentally induced pain measures. The trial also had some limitations. The 14-week intervention duration was not long enough to observe changes in self-reported pain; a longer duration may have allowed detection of meaningful changes in this outcome. This was a single-site trial that limits the generalizability of results.
In summary, we conducted the first randomized, double-blind placebo-controlled trial to determine the efficacy of testosterone replacement in men with opioid-induced androgen deficiency and showed that testosterone therapy improved pain sensitivity to a number of noxious painful stimuli, confirming its antinociceptive role. Testosterone therapy also improved sexual desire and body composition. There is need for larger randomized trials of longer duration to further evaluate the efficacy of testosterone in chronic pain syndromes.
Conflict of interest statement
Dr S. Basaria has received research grant on an investigatorinitiated study from AbbVie Pharmaceuticals. He also consults for Eli Lilly. Dr S. Bhasin has previously received research grant from AbbVie Pharmaceuticals. The remaining authors have no conflicts of interest to declare. This research was supported by an investigator-initiated grant from AbbVie Pharmaceuticals, which also provided testosterone and placebo gels for this trial. AbbVie Pharmaceuticals did not have any role in the trial design, data analysis, or article preparation.
